Introduction
In this work we demonstrated the first application of small-angle neutron scattering (SANS) to non-destructively measure the critical dimensions and the average profile of thin nanoscale lithographic structures prepared on a silicon single crystal substrate. In comparison to microscopy based techniques there are several unique advantages of using SANS to characterize nanoscale lithographic features. First, the basic theoretical framework, instrumentation, and data analysis are well established, especially the theoretical part of the present work follows closely to that of the conventional wide angle diffraction of x-ray or neutron. Until recently, SANS accessible dimensions have been smaller than the features that could be fabricated using lithographic technology and low neutron beam fluxes precluded the measurement of thin film samples. Today, with the combination of long wavelength neutron beams and new focusing neutron optics, SANS instruments are able to measure feature sizes up to several hundred nanometers [1, 2] . The observable length scales using SANS and the feature sizes of current lithographic technology now overlap. A second advantage is that SANS measurements can be performed directly on thin film patterns prepared on single crystal substrates. Single crystal wafers are generally transparent to neutrons so that nearly all of the scattering signal arises from the thin film structure. Third, SANS measurements provide information about structures averaged over several square centimeters, providing a better statistically averaged measurement of the resolution of a particular process or material. Finally, and most importantly, as lithographic structures become smaller, the resolution and instrument requirements for quantitative SANS measurements become less demanding. As feature sizes continue to decrease the scattering peaks will be further apart, SANS measurements become simpler because high resolution instrumentation will no longer be required.
Experimental
The samples consisted of a set of patterned areas within which evenly spaced parallel lines were prepared directly on a 200 mm diameter silicon single crystal wafer. Each patterned area on the wafer measured 8 mm x 8 mm and the parallel lines had a nominal feature size of 150 nm. The same optical mask was used to prepare each parallel line pattern. Each patterned area differed only in the focusing conditions of the exposure optics. The patterns were developed after exposure with the optics out of focus in 0.2 mm steps.
The SANS measurements were performed at ambient conditions on the 30 m NG7 SANS instrument at the National Institute of Standards and Technology (NIST) Center for Neutron Research. Newly developed neutron beam focusing optics incorporating a series of 28 biconcave MgF2 lenses was used to access small enough scattering angles to observe primary scattering data from structures having a repeat distance of 300 nm, a previously inaccessible length scale for routine SANS measurements. The accessible q range (where q = (4π/λ) sin(θ/2) and θ is the scattering angle) in this configuration is 0.0011 Å -1 to 0.015 Å -1 . Two types of SANS experiments were performed. First, the silicon wafer with line patterns was placed with the beam normal to the silicon surface. This measurement provides information about the critical dimensions and general shape of the lines. Additional information of the line patterns in three dimensional Fourier space can be obtained by performing SANS measurements with the sample rotated. Only data from normal incidence will be presented in this preprint.
Results and Discussion
In figure 1 , we show a set of top-view and side-view SEM micrographs and the corresponding 2-D SANS data collected from two patterned areas on the silicon wafer. The images shown on the left side of Figure 1 are from lines prepared with optimal focusing conditions during the lithography exposure step (sample A). The images on the right side of Figure 1 are from lines prepared with the exposure optics 0.4 mm out of focus (sample B). The prepared line structures are periodic throughout the imaging area. As a result, the SANS images for both samples show sharply defined diffraction peaks in Fourier space along the direction perpendicular to the lines. In the SANS image for sample A, the best focus condition, six orders of diffraction are clearly visible. The circular diffuse scattering in the center of the detector is intrinsic to the photoresist polymer itself and is subtracted from the sample scattering. The widths of the measured diffraction peaks for both samples are very narrow. The diffraction peak positions and peak intensities of Figure 1 alone are sufficient to quantitatively determine several important parameters characterizing these line structures. The repeat distance of the pattern in sample A is quantitatively determined from fitting the measured peak positions as a function of diffraction order to a straight line. For sample A the measured repeat distance is (3031 ± 9) Å. A more detailed analysis of the peak intensities provides a quantitative determination of a measure of line edge roughness. For samples A and B their line edge roughness was found to be 212.9 Å ± 10.7 Å and 342.8 Å ± 18.8 Å respectively. : 
Conclusions
We have demonstrated that SANS can be applied as a quantitative and non-destructive method to evaluate the critical dimensions and the quality of a periodic pattern of 150 nm lines as fabricated on a silicon single crystal wafer. The scattering from these periodic structures clearly shows up to six orders of diffraction peaks. Analysis of both the peak position and relative peak intensities provides quantitative information about the critical dimension and figure 1 ) of individual peak will definitely yield additional information of the line structure. Unlike microscopy-based techniques, SANS measurements determine average feature characteristics over an area up to several square centimeters, providing statistically averaged information about particular lithographic materials and processes, and do not require any specialized sample preparation. Furthermore, as feature sizes continue to decrease below 150 nm, the requirements on the SANS instrument resolution become less stringent and the measurements become easier to perform.
